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Abstract—Innovative wearable devices are allowing the non-
invasive and remote collection of physiological signals from the
human body. Sweat analysis has gained remarkable interest for
the non-invasive determination of electrolytes and metabolites,
particularly in athletes. Monitoring of sweat rate is of interest
to support measurements concerning sweat composition and to
assess the overall water loss due to physical activity. The final
aim is to prevent dehydration and keep an optimal balance of
electrolytes, which is important for the safety of athletes and
to obtain the best possible performances. We speculate that
these devices can also be useful for the protection of workers
performing heavy physical tasks. The evaporation of sweat from
the skin surface, which is essential for thermal regulation in
humans, is largely influenced by ambient factors. Depending on
the measurement approach, ambient temperature and humidity
as well as air flow do not only affect evaporation but also the
measurement of sweat rate. This paper presents a multiphysics
model describing the effect of air speed and ambient humidity on
an open chamber based sweat rate sensor. Results of simulations
will allow to optimize the design of the device so that interferences
from ambient conditions are minimized.
Index Terms—Sweat rate, open chamber, multiphysics model-
ing, sensor.
I. INTRODUCTION
Technological advances such the miniaturization of elec-
tronic devices, the appearance of flexible and stretchable elec-
tronics, the reduction of power consumption and the increase
of portable computational power have led to significant pro-
gresses in the field of wearable sensors. Thanks to these, new
wearable medical devices have appeared allowing non-invasive
remote monitoring of physiological signals and promising ap-
plications for sports and telemedicine. Sweat rate measurement
is an application rising noticeable interest within wearable
sensor research due to the insightful information that can be
retrieved using non-invasive methods. Sweat can be easily
an unobtrusively collected and analyzed by wearable sensor
systems [1] and smart textiles [2], [3]. Sweat composition and
transport of analytes from blood has been studied for long
time to identify possible biomarkers offering useful insights
on ongoing metabolic processes within the body [4]. The
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point measurement of sweat rate is a first step towards the
determination of the total body fluid loss, which is important to
prevent dehydration in subjects exerting remarkable physical
efforts. Knowledge of sweat rate improves the reliability of
sweat composition data, as sweat rate affects the concentration
of electrolytes in sweat by modifying the efficiency of reab-
sorption in the duct. Furthermore, a rapid increase of sweat rate
has been associated to the transition from aerobic to anaerobic
metabolism during physical activity [5]. In addition to the
removal of metabolic waste, sweating plays a crucial role in
the thermoregulation of the body [6]. The evaporation of sweat
(consisting of 98-99% of water) removes substantial thermal
energy from the body, but this phenomenon is largely affected
by external factors such as temperature, humidity and air flow.
In this paper, a multiphysics model describing the effect of air
speed and ambient humidity on an open chamber is presented.
Results of simulations can be used to optimize the design of
a sweat rate sensor based on an open chamber approach.
A. Measurement of sweat rate
Sensors to measure sweat rate typically include a chamber
for the collection of the humidity released from the skin
and one or more humidity sensors [6]. Sweat rate is then
calculated either from the rate by which humidity increases
over time or from the humidity gradient caused by natural
or forced transport within the chamber. The former type of
devices are susceptible to saturation of the chamber by the
evaporated sweat, so solutions including actuated chamber
opening and closing have been proposed [7], [8]. In the later
type of devices, the humidity gradient can be produced by a
pump-induced air circulation within a closed chamber [9] or
by natural ventilation taking place in an open chamber [10].
The simple structure of the open chamber devices makes them
wearable and suitable for a continuous monitoring [11], [12].
Nevertheless, their measurements are affected from air flows
caused from wind or body movements.
B. Moisture transport model in an open chamber
The open chamber sweat rate sensor consists of a cylindrical
structure lied on the skin in which humidity readings are taken
at two different heights. The water vapor arising from either
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insensible or sensible perspiration is channeled through the
chamber, so that a humidity gradient is established causing a
diffusive flow. Mass diffusion of a substance in a non-uniform
mixture follows the first Fick’s law:
~ji = −ρDi∇mi (1)
where ~ji is the mass flow per unit of area and time
(kg/(m2 s)), ρ is the substance density, Di is the substance
diffusivity in the mixture and mi the mass fraction of the
substance in the mixture [13]. Adapting Eq. (1) to model the
water vapor transport from the skin, and assuming an ideal










where MH2O is the water molar mass (18.015 g/mol), R is
the gas constant (8.314 J/(mol K)), T the air temperature in
K, ∆P the vapor pressure difference (Pa) and ∆z a reference
length (m). In an actual implementation, humidity and tem-
perature sensors are allocated along the water vapor diffusion
direction (parallel to the open chamber axis). Humidity and
temperature data can be used in Eq. (2) after replacing ∆P
by rh2Psat,T2−rh1Psat,T1 , where rh and T are the measured
relative humidity and temperature respectively. Psat,T is the
saturation water vapor pressure at the measured temperature
T , calculated, for instance, from the Antoine’s formula [14].
C. Previous implementation
The present multiphysics simulation and analysis of an
open chamber device was inspired from a device designed,
implemented and tested by Salvo et al. [14]. This device was
fitted in a velcro strap to be used for in-vivo tests. Eq. (2)
was used to process data from two humidity and temperature
sensors and to calculate continuous sweat rate values from 13
athletes performing physical activity [14].
II. METHODS
Multiphysics modeling and simulation were performed
using COMSOL Multiphysics version 5.4 to verify the impact
of different air streams on the moisture transport. The sim-
ulated cylindrical chamber is presented in Fig. 1. The open
bottom of the structure (under the plate, in z-direction) is
in contact with the skin. In order to model the behaviour,
the occuring physical phenomena were identified and initial
conditions were formulated.
The surrounding air stream was modeled using Turbulent
Flow physics in COMSOL. Different air stream approaching
angles (0°, −30° and −60° respect to horizontal line) and
velocities (1, 3 and 5 m/s) were simulated to model some of
the possible air dynamics occurring during a walking training
session [15], [16]. Additional velocities of 0.01 and 0.10 m/s
were included to evaluate conditions near to stagnation. Par-
ticular interest raised the interaction between the air flow at
the entrance of the open chamber and the stagnant air volume
within the chamber, that might trigger convective transport of
the vapor at the upper tier of the chamber. This interaction
Fig. 1. 3D model of the open chamber. Chamber central axis defined as
evaluation axis
was assumed mainly driven by the flow in the vicinity of
the fixture surface. For this reason, the Menter’s Shear Stress
Transport (SST) turbulence model was configured without wall
approximation, which required the software to calculate the
flow from the surface level by using a very fine mesh in the
vicinity of the solid [17].
Although the typical utilization cases do not encompass
large temperature gradients between skin and environment,
Heat Transfer in Moist Air was configured to account the
temperature gradient produced by the heat dissipation from
the skin to the surrounding moist air. Skin temperature was
assumed at 33 °C, while ambient temperature set at 25 °C
with relative humidity of 70 %. Based on these conditions,
the first factor at right side of Eq. (2) is calculated as
1.996× 10−10 kg/(Pa m s). Regarding to moisture transport,
the skin surface was modeled as a moist surface with water
concentration of 3.26 mol/m2 [18]. The plastic device fixture
was assumed to be thermally insulated in the heat transfer
model and its thermal properties were not accounted in the
simulation. The skin area was modeled as a boundary latent
heat source to account the heat invested in the onset of the
water evaporation. Evaporation rate on the skin was assumed
at 1.66× 10−3 m/s. Moisture transport physics was coupled
with the turbulent flow physics to estimate the convective
transport of moisture and with the heat transfer physics to ac-
count the calculation of evaporation latent heat and saturation
pressure at a given temperature distribution.
III. RESULTS
Initial results were acquired from a 2-D model representing
a vertical cross-section along the chamber axis (plane xz).
A 2-D representation of the cross-section of the cylindri-
cal chamber from Fig. 1 was arranged inside a frame box
of 300× 200 mm representing the surrounding air region.
The chamber central axis was set as ‘evaluation axis’, on
which the results from the studies were observed. Top and
right sides of the air domain were set as air inlets with
vair [x̂ cos (θ)− ẑ sin (θ)] as boundary velocity condition. Ve-
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Fig. 2. 2-D distribution of velocity magnitude and streamlines from stationary
study. Air flow approaching at 1m/s, with an angle of −60°.
locity magnitude distributions, as shown as example in Fig.
2 for 1 m/s, −60°, were obtained after stationary study
simulation of turbulent flow in COMSOL. All combinations
of angles and air velocities were tested and the corresponding
velocity profiles were obtained. On the other hand, a time
dependent study analyzed the heat and moisture transfer only
within the chamber (setting the outside relative humidity and
temperature as boundary conditions at the top of the chamber)
to obtain the time distribution of the relative humidity by an
ideal undisturbed diffusive transport inside the chamber. Fig.
3 shows the resulting relative humidity at the middle-height
point along the evaluation axis over time.
The stabilization time observed in Fig. 3 (20 s) was chosen
to run the time dependent simulations calculating the heat and
moisture transport. Relative humidity and vapor content were
observed along the evaluation axis in order to appraise an
averaged trend of the phenomena inside the chamber. Results
from simulation for the relative humidity, for all velocities are
shown in Fig. 4 (with angle of −60°, as the most disrupting
from the studied angles). Additional results for vapor content
along the evaluation axis are presented in Fig. 5.
A modified open chamber (4 mm diameter, same height)
was modeled and simulated in COMSOL. Same parameters
were studied and results for relative humidity along the cham-
ber central axis are presented in Fig. 6 Results from evaluation
axis for vapor content are shown in Fig. 7.
IV. DISCUSSION
Intuitively, one might assume that larger surrounding air
speeds and acuter attack angles produce more intense disrup-
tion on the diffusive moisture mass transport within the open
chamber. In order to validate this assumption, this study aimed
to quantify the effect of the transport disruption by evaluating
the relative humidity and vapor content along the chamber cen-
tral axis. Different relative and absolute humidity profiles were
obtained at different air flow conditions over a 7 mm open
chamber (Fig. 4 and 5). The larger and larger deviation from
the reference cases (low air velocities: 0.01 and 0.10 m/s)
suggests that the disruption of moisture transport inside the
chamber is strongly correlated to air velocity. Presumably, the



















Fig. 3. Time distribution of the relative humidity at the middle-height point,
inside the chamber, along the evaluation axis. Diffusive transport modeled
inside the chamber and ambient conditions forced at the chamber top (no air
flow).

























Fig. 4. Relative humidity along the chamber evaluation axis for different
velocities (−60°) at t=20 s. Chamber diameter was 7mm.





























Fig. 5. Vapor content along the chamber evaluation axis for different velocities
(−60°) at t=20 s. Chamber diameter was 7mm.
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Fig. 6. Relative humidity along the chamber evaluation axis for different
velocities (−60°) at t=20 s. Chamber diameter was 4mm.





























Fig. 7. Absolute humidity along the chamber evaluation axis for different
velocities (−60°) at t=20 s. Chamber diameter was 4mm.
onset of air currents and eddies inside the upper section of the
chamber diverts the heat and mass transport from the simple
1-D diffusive model (Eq. (2)).
It is worth mentioning that the relative and absolute humid-
ity along the evaluation axis (Fig. 4 and 5) present similar
decreasing trends with respect to the distance from the skin,
at all air velocities. As expected, the higher the air flow
velocity, the lower was relative humidity at the skin level to
more effective removal of water vapor. Simulation results do
not confirm the presence of a significant convective transport
inside the chamber near to the skin, so the enhanced moisture
removal might be caused mainly by the diffusive transport of
moisture towards the top section of the chamber, where the
moisture is depleted by convective transport caused by the air
flow. The region where the absolute humidity displays a near
to linear behavior in Fig. 5 might then indicate the section of
the chamber height in which the diffusive transport of moisture
is predominant. The relative humidity behavior, on the other
hand, is influenced by the temperature distribution inside the
chamber. Higher temperatures close to the skin result in lower
relative humidity, explaining the occurrence of values below
the ambient relative humidity inside the chamber. Neverthe-
less, relative humidity is an important variable measured by
the moisture sensors and its behavior must be considered when
designing the sweat rate sensor.
A remarkable consequence of the relative humidity drop
at higher velocities is the reduction of the relative humidity
gradient between the skin surface and the chamber top. The
measurement of a smaller gradient by an open chamber sweat
rate sensor requires humidity sensors with higher precision if
the same uncertainty has to be achieved.
Simulations of the narrower chamber (diameter 4 mm)
suggest that the moisture transport inside the chamber is less
affected by the air flow (Fig. 6 and 7). Relative humidity shows
larger humidity ranges than in the wider chamber, so that a
narrower chamber should improve precision of the sweat rate
measurement.
Sweat evaporation in different ambient conditions is a
complex phenomenon and numerical results of multiphysics
models may divert from experimental values. In our view,
the main source of uncertainty in the present case is the
assumption of constant boundary conditions, particularly at
skin level. Sweating encompasses a progressive increase of
the skin temperature and of the amount of liquid sweat
available on the skin. The use of simplified 2-D model and
the omission of the fixture material are further limitations of
this work. A time dependent description of sweating skin and
a refinement of the spatial model, as well as the comparison
with experimental values, might mitigate present limitations
in future works.
Nonetheless, we believe that the present results offer useful
insights about the chamber design trade-offs for the later
allocation of moisture sensors with a given precision in
different use case scenarios. Additional trade-offs concerning
manufacturing of the chamber, wearability, compatibility with
readout electronics, or even aesthetics, are beyond the scope
of this paper.
V. CONCLUSIONS
These multiphysics simulations offered a comprehensive
overview of the distribution of the evaporated water from a
sweating skin within an open chamber. Potential deviations
of humidity profiles from the simple 1-D diffusive mass
transport model used to calculate sweat rate in open chamber
sensors were assessed. Results confirm that air flows affect
the humidity gradient within the chamber, but reducing the
chamber diameter might help to mitigate such effect. When
the open chamber is under the influence of an air flow, higher
precision moisture sensors are needed to reduce errors, as large
air velocities reduce the differences in humidity values inside
the chamber. In this sense, the acknowledge of deviations from
the 1-D diffusive model can help to improve the design of the
chamber and place the moisture and temperature sensors in an
optimal location. Furthermore, this information can be used to
correct the sensor calibration curve and improve accuracy.
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Despite the elaboration of our multiphysics modeling for
the sweat evaporation phenomena, the numerical results may
divert significantly from experimental values, although we
do not expect that to substantially divert the here presented
conclusions. Limitations of the present simulations are the use
of a simplified 2-D model, the omission of the fixture material
in the heat transport model and the assumption of constant
boundary conditions. A refinement of the spatial model, a more
detailed skin and ambient description and their correction with
experimental values might mitigate the present limitations in
future related works.
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